We describe a diagnostic PCR assay (D-PCR) and a quantitative PCR assay (Q-PCR) for the detection of human cytomegalovirus (CMV) in plasma and serum. In the D-PCR, DNA was purified from plasma or serum together with internal control (IC) DNA, which monitored both DNA extraction efficiency and PCR efficiency. DNA was subjected to PCR with a single primer pair, and the amount of PCR products was determined by electrochemiluminescence (ECL) in the QPCR System 5000 (Perkin-Elmer) after hybridization with Tris (2,2-bipyridine) ruthenium (II) chelate-labeled probes. The lower limit of sensitivity of the D-PCR was reached at about 25 CMV particles/ml. Even with extremely low DNA inputs (four molecules of IC DNA/200 l of plasma), very high yields (near 100%) were reached. DNA extracted from specimens that were CMV positive by the D-PCR was subsequently used in the Q-PCR, which was similar to the D-PCR. The viral load was calculated directly from the ratio of CMV and IC signals obtained by ECL. The Q-PCR assay is quantitative in the range of 100 to 150,000 copies of CMV/ml, independent of the anticoagulant. Interassay variation, intra-assay variation, and interspecimen variation were about 25%, suggesting that the Q-PCR will reliably detect fourfold differences in viral load. Comparison of paired serum and plasma specimens from CMV-infected individuals showed that serum CMV loads were frequently more than 10-fold lower than plasma CMV loads.
Infection with cytomegalovirus (CMV) is an important cause of morbidity and mortality in immunocompromised individuals, like transplant recipients, AIDS patients, and newborns. For the monitoring of patients at risk for the development of CMV disease and for the monitoring of treatment, rapid, specific, and sensitive tests are needed. One such test is PCR (32) , which can detect CMV DNA present in the blood compartment as cell-associated virus in the leukocytes and as free virus in serum and plasma.
Since the first detection of CMV in serum and plasma (7, 23, 36) , many reports on the qualitative (diagnostic) detection of CMV DNA in plasma or serum have appeared. In bone marrow transplant recipients (3, 21, 23, 28, 39) , renal transplant recipients (7, 11, 16, 39) , and liver transplant recipients (16, 29, 30, 33) , the presence of CMV DNA in plasma or serum has been shown to be an early marker for CMV infection and CMV disease. In congenitally infected newborns (26) and in children with AIDS (27) , CMV can readily be detected in serum. In human immunodeficiency virus-seropositive patients, the presence of CMV DNA in plasma or serum has been shown to precede CMV disease by a median of 46 days (14) to 3 months (20) . Although the negative predictive power for disease in human immunodeficiency virus-seropositive patients is high, the positive predictive power is still a matter of debate (14, 25) . The levels of CMV DNA in plasma or serum were significantly lower than those in leukocytes (15, 43) ; therefore, very sensitive assays are needed for CMV detection.
Most of the diagnostic procedures mentioned above are not readily implemented in the routine setting of a clinical virology laboratory, and nested PCR was frequently used to reach the high sensitivity needed. However, nested PCR precludes the use of N-uracil-glycosylase to avoid false-positive results due to amplimer carryover. Another problem in the detection of CMV is the preparation of CMV DNA from serum and plasma. Although simple pretreatments (e.g., proteinase digestion and heat treatment or treatment with alkali) will detect high viral loads, low loads may remain undetected (3, 23) . In previous studies in which CMV DNA was purified before PCR, controls that monitored DNA extraction efficiency were not included and controls that monitored PCR inhibition were usually absent. Therefore, the sensitivities of many of these diagnostic assays were unknown. Quantitation of CMV in serum or plasma may be important for the detection of patients at risk for disease, monitoring of the efficacy of therapy, development of resistance, and prognosis. Several procedures for the quantitative assessment of CMV in serum and plasma have been developed. Some of these procedures are based on limiting dilution and nested PCR or detection with radioactive probes (36, 38) . Others are based on coamplification of internal control DNA (competitive PCR) which shares the primer sequences with the target of interest but which generates an altered PCR product (8, 17, 19, 34, 35, 41, 43) . Internal DNA corrects for variations in PCR efficiency due to inhibitory substances and well-to-well variations in the thermocycler (10, 13) . To derive absolute quantitative information by competitive PCR, the target and internal control DNAs must be amplified with equal efficiencies with identical primer pairs. Under these conditions the initial ratio of target to competitor remains constant throughout amplification (including the plateau phase), and this can be used to calculate viral load, provided that the amplification products are accurately measured (10) . Measurement of amplification products has been done by high-pressure liquid chromatography (8) and by polyacrylamide gel electrophoresis (34, 35) , procedures that are not readily implemented in a routine clinical virology laboratory. Amplification products have also been measured after slot blotting and hybridization with digoxigenin-labeled probes followed by enzymatic conversion of a substrate into a colored reaction product which is subsequently measured by light absorbance (19) . Recently, a plate assay has been described (17, 31, 41, 43) . In that assay amplification products were hybridized to a specific detector probe bound to the wells of a plate. The amount of hybrids was subsequently quantified spectrophotometrically after enzymatic conversion of substrate. Since the ratios of CMV signals over IC signals are not a direct reflection of the amount of CMV, an external reference curve must be prepared for each assay.
We describe a highly sensitive diagnostic PCR assay (D-PCR) for the detection of CMV in serum and plasma in which 35 molecules of IC DNA, mimicking the CMV target, are included in the DNA extraction, and we evalute the performance of a quantitative PCR assay (Q-PCR). The viral load (expressed as the number of copies of CMV per milliliter) was calculated by a straightforward algorithm from the ratio of CMV over IC signals obtained after solution hybridization with Tris (2,2Ј-bipyridine) ruthenium (II) chelate (TBR)-labeled probes and measurement by electrochemiluminescence (ECL). In clinical specimens, the loads observed in serum were often significantly lower (10-fold or more) than those observed in the corresponding plasma specimens.
MATERIALS AND METHODS

Chemicals and enzymes.
Taq DNA polymerase (Amplitaq), uracil-N-glycosylase (Amperase), and streptavidin-coated magnetic beads were from PerkinElmer. Bovine serum albumin was from Boehringer Mannheim. Human placental DNA was from Sigma Chemical Company. Pools of human citrate plasma (ESDEP; Octapharma Pharmazeutica Produktions-Gesellschaft m.b.H., Vienna, Austria) were obtained from the Central Laboratory for Blood Transfusion, Amsterdam, The Netherlands; this plasma is referred to as the reference plasma. Plasma and serum specimens were obtained in Vacutainer tubes (containing tripotassium EDTA, sodium citrate, and lithium heparin; Becton Dickinson Systems, Meylan, France).
Human CMV. Sucrose density gradient-purified human CMV AD 169 (lot no. 80-165-1; 5.38 ϫ 10 9 viral particles/ml of virus dilution buffer [10 mM Tris ⅐ HCl, 150 mM NaCl, 1 mM EDTA [pH 7.5]), as determined electron microscopically by direct particle count determination, which discriminated between full and empty particles) was obtained from Advanced Biotechnologies Inc. (Columbia, Md.). According to the manufacturer, the error in viral particle count was estimated to be Ϯ0.5 log. We performed limiting-dilution experiments for the detection of CMV DNA purified from virus preparations by the silica-guanidinium thiocyanate (GuSCN) procedure (5) followed by PCR, which suggested that the actual amount of viral DNA was about three times higher than that expected from the viral particle count, assuming a 100% recovery of viral DNA. The CMV concentrations provided in this paper were based on this correction factor.
Laboratory parameters for CMV infection. Viral culture was done by cocultivation of blood buffy coat cells and human diploid fibroblasts and microscopic examination for the appearance of CMV-specific cytopathologic effects. CMV immunoglobulin G (IgG) in serum was determined by the IMx CMV IgG assay (Abbott Laboratories); CMV IgM in serum was determined by the VIDAS IgM assay (Biomérieux, Lyon, France).
PCR. Primers (purified by high-pressure liquid chromatography) were from Perkin-Elmer and were diluted in TE buffer (10 IC DNA. The construction of IC DNA has been described previously (6) . Relative to the CMV immediate-early DNA sequence, the AocI site (5Ј-CCTG AGG-3Ј; nt 2246 to 2252) was replaced by the sequence 5Ј-CCTGACC-3Ј; similarly, the HhaI site (5Ј-GCGC-3Ј; nt 2269 to 2272) was replaced by the sequence 5Ј-CCGC-3Ј. In addition, the CMV DNA sequence at nt 2292 to 2316 was replaced by the sequence 5Ј-CCC TTT ACA TCT TTC TGA AGT AGG G-3Ј to serve as a probe area. These modifications allowed discrimination between CMV and IC DNA amplimers (which have the same sizes and GC contents and which are amplified by the same primer pair) resulting from the PCR described above by the restriction enzymes HhaI and AocI. These restriction enzymes cleaved uracil-containing CMV amplimers but not IC amplimers; HhaI and AocI sites were present in the amplimers obtained by PCR from all (n ϭ 80) clinical CMV isolates tested (data not shown). The presence of AocI and HhaI sites in CMV DNA could therefore be used to discriminate between CMV and IC DNA amplimers by gel electrophoresis. The modified DNA fragment (578 bp) was cloned into a plasmid vector (PCRII; 3,932 bp; Promega) resulting in plasmid pCMV-marker. pCMV-marker was purified from bacterial cultures as described previously (22), linearized by HindIII digestion, and purified by the silica-GuSCN procedure (5); and the DNA was quantitated by measuring the UV absorption at 260 nm and was stored in Tris-EDTA (TE) buffer (at 100 g of plasmid/ml) at Ϫ20°C. Dilutions of linearized plasmid were made in TE buffer containing 20 ng of human placental DNA per l; this DNA served to stabilize very dilute DNA preparations upon storage. Reference IC DNA contained 7 molecules of linearized plasmid (as determined by limiting dilution followed by PCR) and 20 ng of human placental DNA per l.
Preparation of lysis buffer L7A. Lysis buffer L7A was prepared by the addition of alpha-casein (C 6780; Sigma) to lysis buffer L6 (prepared as described previously [5] ) to a final concentration of 1 mg of alpha-casein per ml of L6. The performance of this lysis buffer has recently been evaluated (6) .
DNA purification. DNA was purified from 200 l of serum, plasma, or cerebrospinal fluid or from 50 l of whole blood as described previously (5), with the following modifications: 20 l of size-fractionated silica particles was used in combination with 900 l of lysis buffer L7A, and DNA was eluted in 100 l of TE buffer. In the D-PCR and Q-PCR, 5 l of reference IC DNA was added to the lysis buffer-silica mixture, and then the clinical specimen was added. The presence of 35 molecules of IC DNA during extraction served as a control for a lower limit of detection of 175 molecules per ml in the diagnostic procedure.
Removal of excess primers. Initial experiments revealed that the amount of biotin-labeled primers used in the PCR exceeded the biotin binding capacity of the streptavidin-coated magnetic beads. A protocol (Protocol Delta Y-A) was developed to remove excess primers. By that protocol, 40 l of PCR product was added to a mixture of 1 ml of lysis buffer L6 and 20 l of size-fractionated silica particles; after vortexing, the tubes were left at ambient temperature for 10 min and were subsequently centrifuged (1 min at approximately 12,000 ϫ g). The supernatant was removed and the tube was again centrifuged (1 min at approximately 12,000 ϫ g), after which the supernatant was carefully removed. The silica pellet was washed once with 1 ml of acetone, and after centrifugation (1 min at 12,000 ϫ g) the supernatant was carefully removed. These steps removed most of the GuSCN present in the lysis buffer because it would otherwise interfere with hybridization. The silica pellets were dried (10 min at 56°C; open lids) and the DNA was eluted (10 min at 56°C) in 100 l of 1ϫ PCRII buffer (10 mM Tris ⅐ HCl [pH 8.3], 50 mM KCl; Perkin-Elmer), followed by vortexing and centrifugation at approximately 12,000 ϫ g for 2 min. The supernatant containing the purified PCR product was subsequently used for hybridization. About 24 samples could be handled in an hour; the yields were high (nearly 100% for both IC and CMV DNA amplimers, as judged from ethidium bromide-stained gels), and the primers were efficiently removed. This protocol was chosen because it gave the lowest variation (coefficient of variation [CV], 5%) when purified amplimers were used in hybridization and ECL measurements.
Hybridization and measurement by ECL. For D-PCR, the purified PCR product was used directly for hybridization. For Q-PCR, the purified PCR product was diluted five times in 1ϫ PCRII buffer. Twenty microliters of TBR-labeled probe (1 ng/l; 1.3 pmol; either CMV or IC DNA specific) was added to 30 l of purified PCR product, and hybridization was done in a Perkin-Elmer 9600 thermocycler (2 min at 95°C, 5 min at 56°C). Next, 10 l of streptavidin-coated magnetic beads (Perkin-Elmer) was added, and the mixture was incubated for 15 min at 56°C. Forty microliters of the bead-hybrid suspension was added to 400 l of the QPCR buffer (Perkin-Elmer), and the ECL signal, expressed in luminosity units (LU), was measured by the QPCR System 5000 (Perkin-Elmer). In this device, excess TBR-labeled probe is automatically removed by washing, and the amount of labeled hybrids is determined after excitation by applying an electric field. TBR-labeled probes were diluted in 1ϫ PCRII buffer (10 mM Tris ⅐ HCl [pH 8.3], 50 mM KCl; Perkin-Elmer) to 1 ng/l and were stored at Ϫ20°C. The probes were TBR-CMV-1 (CMV-specific probe; 5Ј-TGA AGG TCT TTG CCC AGT ACA TTC T-3Ј; nt 2292 to 2316; 5Ј labeled with TBR) and TBR-CMV-2 (IC-specific probe; 5Ј-CCC TTT ACA TCT TTC TGA AGT AGG G-3Ј; 5Ј labeled with TBR). No cross-hybridization was observed for IC DNA-specific and CMV DNA-specific probes. TBR-CMV-1 was chosen in a highly conserved area (1, 9, 37) .
Criteria for D-PCR. In the D-PCR a signal of Ͼ80 LU (which is equal to four times the mean background signal for either probe) was considered to be positive. In the D-PCR a serum or plasma specimen was considered to be positive for CMV DNA if Ͼ80 LU was measured with the CMV probe, regardless of the results for IC DNA (with loads of greater than 50,000 copies of CMV DNA/ml, IC DNA levels were near the background levels in the D-PCR). A specimen was considered negative for CMV DNA if Ͻ80 LU was obtained with the CMV probe and, additionally, IC DNA was detected at Ͼ80 LU. If neither CMV DNA nor IC DNA was detected (Ͻ80 LU), the test result was considered false negative and the result was rejected. At present we have tested over 500 plasma (and whole-blood) specimens, and no false-negative results have been obtained.
In the D-PCR three controls were included in the DNA extraction-one positive control (a reference plasma specimen containing 400 copies of CMV DNA/ ml) and two negative controls. The first negative control contained human chromosomal DNA (100 ng) and 35 molecules of IC DNA and served as a control for the entire Q-PCR procedure and as a control for the sensitivity of the procedure. The second negative control contained human chromosomal DNA (100 ng) only and should give negative results with both probes.
Algorithm for quantitation in Q-PCR. The algorithm assumes ideal circumstances for each of the steps of the procedure and would be valid if (i) recovery of CMV DNA and IC DNA from plasma were 100%, (ii) CMV DNA and IC DNA were amplified with equal efficiencies, (iii) CMV DNA and IC DNA amplimers were purified with equal efficiencies, (iv) hybridization with either probe was quantitative, and (v) bead capture and measurement by ECL of the amounts of hybrids were quantitative. In the Q-PCR, DNA was purified from 200 l of plasma or serum together with 35 molecules of IC DNA, and DNA was eluted in 100 l of TE buffer. Twenty microliters of DNA was subjected to Q-PCR in the presence of an additional 35 molecules of IC DNA which was present in the PCR master mixture, and the ECL signals obtained after hybridization with TBR-labeled probes were determined as described above. Background signals (mean, 20 LU; CV, 40%) for CMV DNA-specific and IC DNAspecific probes were determined for 23 plasma specimens previously shown to be CMV negative. After correction for the background, the ratio CMV DNAspecific signal/IC DNA-specific signal (R) was calculated, and the number of copies of CMV DNA per milliliter of plasma was calculated by amplifying R by a factor 1,050. This factor was reached from two separate sets of factors, (7 ϩ 35) ϫ 25. The factor (7 ϩ 35) represents the number of IC DNA molecules present during the PCR (sum of the numbers of coextracted and added IC DNA molecules, respectively) and the factor 25 is required to reach the copy number per milliliter of plasma. Thus, a clear-cut algorithm, number of copies CMV per milliliter ϭ R ϫ 1,050, is used throughout this paper for all Q-PCR experiments.
RESULTS
Amplimer detection by TBR-labeled probes. Comparison of ethidium bromide staining and ECL detection of the amplimers showed a lower level of detection of about 5 ϫ 10 9 molecules (3,000 pg) and 3 ϫ 10 8 molecules (200 pg), respectively. Thus, for an amplimer of 578 bp, ECL detection was about 15-fold more sensitive than ethidium bromide staining. When a constant amount of bead-hybrid complex was used as input for ECL measurement, the CV for the ECL signals was 2%. When a constant amount of PCR product was used as input for primer removal followed by hybridization, bead binding, and ECL measurement, the CV for the ECL signals was 5%.
Recovery of DNA from plasma and lower limit of detection. The silica-GuSCN procedure (5) has been widely used for the isolation of DNA from clinical specimens, but as yet, no information about DNA yields with very low inputs is available. To study the recovery of DNA from plasma with very low input DNA concentrations, 200-l aliquots of reference plasma were supplemented with 4 molecules of IC DNA, DNA was extracted from 20 of such aliquots, and one-quarter of each of the extracted DNAs was used for the PCR. With a 100% extraction efficiency, this would result in the presence of a single molecule of IC DNA per PCR. In such cases Poisson statistics predict that 63% of the reactions will be positive (12) . In Fig. 1A it is shown that 50% of the PCRs were positive, suggesting that the rate of recovery of DNA with this extremely low input was near 100%. Control extractions were all negative (Fig. 1A) . As a control for the concentration of the IC DNA preparation used to prepare the IC DNA and plasma mixtures, the same IC DNA preparation was used directly in 10 PCRs at an input expected to contain a mean of 1 molecule of IC DNA per PCR. In this case the PCR was positive for 40% of the reactions, confirming the IC DNA concentration (Fig. 1B) . These data indicate that even with extremely low DNA inputs, DNA was recovered at very high (near 100%) yields.
To study the lower limit of detection of CMV DNA in plasma, DNA was extracted from reference plasma samples supplemented with CMV particles to a concentration of 100 CMV particles/ml of plasma and serial twofold dilutions thereof. Figure 2 shows that with extraction inputs as low as 5 viruses per 200 l of plasma (resulting in a mean of 1 copy of CMV DNA in the PCR with 100% extraction efficiency), the assay was still positive for CMV DNA in four of six reactions, which is in accord with the number of expected positive reactions with 100% extraction efficiency according to the Poisson distribution (12) . The negative results were truly negative since the ECL signals for coextracted IC DNA were all positive. Together these data suggest that CMV DNA was recovered at Figure 3 shows an example of the results of the diagnostic assay in which eight consecutive serum specimens from a renal transplant patient (CMV seronegative with a seropositive kidney donor) were tested for the presence of CMV DNA. Initial serum specimens (obtained on days 0 and 10 after transplantation) were CMV DNA negative, followed by a period in which CMV DNA was detected (days 38 to 66 after transplantation). During this period, seroconversion to CMV positivity was observed, and the patient presented with hepatitis and fever and was treated with ganciclovir. In the last specimen, obtained 70 days after transplantation, CMV DNA was no longer detected.
Quantitative assay. Reference plasma was seeded with CMV to 150,000 copies/ml, and serial threefold dilutions were subjected to Q-PCR. Figure 4A shows the ECL signals obtained by Q-PCR after hybridization. With increasing virus load the amount of CMV amplimers increased until a plateau was reached. This plateau was a reflection of the amount present at the plateau phase of the PCR (data not shown). With low CMV concentrations, IC DNA signals were unaffected by increasing viral loads; with higher viral loads the IC DNA signals decreased. This decrease was due to the fact that the PCR reached the plateau earlier with higher viral loads. When this plateau is reached during PCR, IC DNA amplification also enters a plateau phase at a level determined by the viral load. Thus, the initial ratio (CMV DNA/IC DNA) present at the start of the PCR will be maintained throughout the PCR and the plateau phase. If the CMV DNA and IC DNA amplimers were accurately quantitated in the next steps of the procedure, the CMV DNA/IC DNA ratio after background correction (R) would be a straight line with a slope corresponding to the result for a serial threefold dilution. Figure 4B shows that the ratios obtained for this plasma dilution series were in accordance with the expected ratios. R was amplified by a constant (see Materials and Methods for the algorithm) to calculate the viral load, expressed as number of CMV copies per milliliter (Fig. 4C) . The expected and calculated values were in good accordance for viral loads of from 206 to 150,000 copies of CMV DNA/ml.
Variation. Interassay variation of the Q-PCR was determined by repeating the experiment described above another six times. To determine the intra-assay variation, each plasma dilution was tested eight times by the Q-PCR. Negative controls (reference plasma) were included in each run. The data, summarized in Table 1 , indicate that the interassay variation and the intra-assay variation were similar (mean CV, 25%).
To study interspecimen variation, 10 serum specimens from different CMV-seronegative subjects (including one renal transplant patient and nine chronic fatigue syndrome patients) were seeded with CMV to 15,000 and 1,667 CMV particles/ml or were left unseeded. The unseeded specimens were tested by D-PCR and were found to be negative for CMV DNA (data not shown). For the 10 serum specimens containing 15,000 CMV particles/ml, a mean value of 15,065 copies of CMV DNA/ml was calculated, with a CV of 25%. A similar CV (23%) was obtained for the 10 serum specimens containing 1,667 CMV particles/ml, with a calculated mean of 2,363 copies of CMV DNA/ml. Since this variation was the same as that obtained for the inter-and intra-assay variations, it was concluded that the Q-PCR reliably measures viral loads, independent of the serum donor. Results similar to those described above were obtained when plasma specimens rather than serum specimens were tested by Q-PCR.
To study the contribution of variations in DNA extraction efficiency to the overall variation of the Q-PCR, the DNA extracts from the 10 serum specimens supplemented with CMV to 1,667 particles/ml mentioned above were pooled and the viral load was determined 10 times. The mean calculated load was 2,527 copies of CMV DNA/ml, with a CV of 16%. These data suggest that variation in DNA extraction efficiency contributed only 7% to the total observed variation of 23%, as calculated for the separate extractions followed by Q-PCR. (Fig. 3) as described above were also tested by Q-PCR. Figure 5 shows that after an initial CMV-negative phase, a viral load of 75 copies/ml was observed at day 38, and this load increased rapidly to a level of 1,275 copies/ml at day 41 and further increased to 6,025 copies/ml at day 47 after transplantation. At this time, the patient presented with fever and elevated liver enzyme levels and seroconverted (for both CMV IgG and CMV IgM). Ganciclovir therapy was started at day 47. The serum CMV DNA level decreased, and CMV was undetectable at day 66. CMV culture was first positive for buffy coat cells obtained at day 38 (after 24 days of culture) and remained negative thereafter.
Q-PCR reliably quantifies CMV loads in serum and plasma irrespective of anticoagulant. To establish whether plasma specimens with different anticoagulants (heparin, EDTA, or citrate) and serum were equivalent substrates for Q-PCR, serum and plasma specimens from four healthy subjects were seeded with constant amounts of CMV (to 15,000, 1,000, and 185 CMV particles/ml) and were subjected to Q-PCR. Unseeded specimens were negative for CMV DNA. The data presented in Fig.  6 indicate that the viral loads determined by Q-PCR were not significantly different for serum and plasma (repeated measures analysis of variance, P ϭ 0.65, P ϭ 0.21, and P ϭ 0.45 for a constant factor (1,050) . Negative controls (reference plasma) were included; the calculated loads for these controls varied between 0 and Ϫ2 copies/ml. The correlation coefficient (r) and slope were obtained by least-squares linear regression analysis. (29) 308 (22) a Human reference plasma was supplemented with CMV to 150,000 copies/ml, and serial threefold dilutions were made in the same plasma. Q-PCR was done for these specimens to determine interassay (n ϭ 7) and intra-assay (n ϭ 8) variations.
FIG. 5. Quantitation of CMV load by Q-PCR.
The sequential serum specimens from the renal transplant patient described in Fig. 3 were subjected to Q-PCR. Points for specimens found to be negative were arbitrarily plotted as 2 copies of CMV/ml for graphical representation. VOL. 37, 1999 DETECTION OF CMV DNA IN SERUM AND PLASMA 1493 on October 13, 2017 by guest http://jcm.asm.org/ 15,000, 1,000, and 185 CMV particles/ml, respectively). These data indicate that CMV loads in serum and plasma specimens can be reliably determined by Q-PCR, irrespective of the anticoagulant that is used.
In clinical specimens serum CMV loads are frequently significantly lower than plasma CMV loads. When paired serum and plasma specimens from CMV-infected patients were tested by Q-PCR, it was observed that serum DNA levels were often significantly lower than plasma DNA levels ( Table 2 ). An example is shown in Fig. 7A in which CMV loads in plasma containing citrate, plasma containing EDTA, and serum were determined in duplicate by Q-PCR. The mean serum CMV load was 25 copies/ml, whereas the mean plasma CMV load was 489 copies/ml. To rule out the possibility that this particular patient serum specimen was not a proper substrate for Q-PCR, CMV was added to 750 particles/ml. As a control, plasma and serum were obtained from a healthy, CMV DNAnegative volunteer and plasma containing citrate, plasma containing EDTA, and serum were also seeded with CMV to the same level. Q-PCR showed that similar loads were obtained (Fig. 7B) , suggesting that the observed differences between loads in patient serum and plasma specimens were not an artifact of the Q-PCR procedure.
DISCUSSION
In the study described in this paper we evaluated a highly sensitive diagnostic assay (D-PCR) and quantitative assay (Q-PCR) for the detection of CMV in plasma and serum. A total of 20 clinical specimens and four controls could be examined (either by D-PCR or by Q-PCR) within an 8-h workday. Costs per specimen for materials were about $US10, and the handson time was about 5 h.
We have described a highly sensitive diagnostic assay (D-PCR) for the detection of CMV in serum and plasma in which 35 molecules of IC DNA mimicking the CMV target were included in the DNA extraction and all subsequent steps of the procedure and in which both the DNA extraction efficiency and PCR efficiency were monitored, thus excluding false-negative reactions. The PCR was performed in a nonnested format and a single primer pair was used for amplification of CMV and IC DNA. The uracil-N-glycosylase system (Perkin-Elmer) was used to prevent false-positive results due to amplimer carryover. High sensitivity and specificity were reached by solution hybridization with nonradioactive TBR-labeled probes. The amount of hybrids was subsequently determined by ECL in the Perkin-Elmer System 5000. For a CMV-positive specimen, this gave rise to a mixture of IC DNA and CMV DNA amplimers with identical lengths (587 bp) and GC contents. CMV DNA and IC DNA amplimers were discriminated by hybridization with TBR-labeled probes followed by ECL. The use of TBR-labeled probes and detection by ECL was about 15-fold more sensitive than ethidium bromide staining of agarose gels, with a lower limit of detection of about 3 ϫ 10 8 molecules (200 pg) of amplimer, in accord with the results of previous investigations (24, 40) . The lower limit of sensitivity of the D-PCR assay was about 25 CMV DNA copies/ml of plasma or serum. The presence of 35 molecules of IC DNA during extraction from 200 l of plasma or serum allowed us to draw the conclusion that a specimen found to be negative for CMV DNA but positive for IC DNA would contain less than 175 copies of CMV DNA/ml of plasma or serum.
We have previously reported on a procedure for the purification of nucleic acids from clinical specimens (Silica-GuSCN procedure [5] ). This procedure has been used for the extraction of CMV DNA from clinical specimens (2, 18, 19, 25, 42) , but at present no published information concerning DNA extraction efficiency with very low DNA concentrations is available. The experiments described here, in which DNA ex- FIG. 6 . Serum and plasma specimens are equivalent substrates for Q-PCR. Serum, plasma containing heparin, plasma containing EDTA, and plasma containing citrate were tested. The plasma was obtained from each of four healthy volunteers (subjects a, b, c, and d; subject a, CMV seronegative; subjects b to d, CMV seropositive) and was seeded with CMV to 15,000 particles/ml (a1, b1, c1, and d1), 1,000 particles/ml (a2, b2, c2, and d2), and 185 particles/ml (a3, b3, c3, and d3), and the CMV loads were determined by Q-PCR. Open bars, plasma containing heparin; hatched bars, plasma containing citrate; stippled bars, plasma containing EDTA; filled bars, serum. tractions were done with a recently described lysis buffer containing alpha-casein (6), suggest that even with extremely low DNA inputs (4 molecules of IC DNA present in 200 l of plasma), DNA yields were near 100%. Similar high yields were obtained with a linearized 10-kb plasmid (pES [4] ) containing the CMV immediate-early region (data not shown).
The virus concentrations mentioned in this paper were established on the basis of the assumption that the CMV DNA extraction efficiency was also 100% (see Materials and Methods). Since this high extraction efficiency could be validated only with standards with known amounts of relatively small (linearized) plasmids, it would still be possible that CMV DNA (which is large [about 250 kb]) was isolated at a lower efficiency. Therefore, the Q-PCR assay was also used to determine the number of copies of the CMV immediate-early genes which are stably integrated into the chromosomal DNA of Rat-9G cells (4) . Copy numbers previously determined by Southern blot analysis (4) and the values determined by Q-PCR (about 15 copies of the immediate-early gene/cell) were in good accordance, suggesting that high-molecular-weight DNA was also isolated at a very high efficiency (data not shown). The high DNA extraction efficiency in combination with a sensitive PCR and sensitive detection of amplimers by ECL resulted in a highly sensitive diagnostic assay which was still positive for CMV in four of six reactions with viral loads as low as 25 copies of CMV DNA/ml of plasma.
DNA extracted from clinical specimens that were CMV positive by the D-PCR was used for quantitation by Q-PCR. In the Q-PCR an additional constant amount of IC DNA (35 molecules) was present during PCR. This additional IC DNA served to dampen the variation due to the Poisson distribution and to extend the dynamic range of the Q-PCR. After PCR the viral load was calculated from the ratio of the CMV DNA over the IC DNA ECL signals by the most straightforward algorithm possible. That algorithm assumed ideal circumstances for each of the steps of the Q-PCR. Under these conditions this ratio would be a direct reflection of the amount of CMV present in the clinical specimen. The data indicate that the expected and calculated CMV loads were in good accordance. The mean interassay, intra-assay, and interspecimen variations of the Q-PCR were about 25%, suggesting that the Q-PCR will reliably detect fourfold differences in viral load in serum and plasma specimens in the range of 100 to 150,000 copies of CMV DNA/ ml.
The contribution of the variation in DNA yield to the total observed variation in the Q-PCR was shown to be relatively small (7% of a total variation of 23%) for serum specimens obtained from different patients. When the contribution of the variation in DNA yield to the total observed variation in the Q-PCR was determined with a single serum specimen, only 2% of a total variation of 18% could be ascribed to a variation in extraction efficiency.
Since the D-PCR is internally controlled by a very small number of IC DNA molecules, quantitative information could also be obtained from D-PCR data by an algorithm, number of copies of CMV per milliliter ϭ R ϫ 175, which was based on the same criteria used for Q-PCR. Although quantitative data obtained by either D-PCR or Q-PCR were similar in the lower range (100 to 50,000 copies of CMV DNA/ml), the observed variation did not allow for reliable measurement of fourfold differences in viral load. Preliminary experiments have suggested that the Q-PCR also performed well when whole blood (50 l) and cerebrospinal fluid (200 l) were used for DNA extraction.
In reconstruction experiments in which a known amount of virus was added to the specimen, it was found that the Q-PCR procedure performed equally well for serum and plasma specimens, regardless of the anticoagulant used (citrate, heparin, or EDTA). In clinical specimens, serum CMV loads were often found to be significantly lower (10-fold or more) than plasma CMV loads. These data are in contrast to those of Patel et al. (29) , who described similar levels of CMV DNA in serum and EDTA-anticoagulated plasma in liver transplant recipients. At present we have no explanation for this discrepancy, which may be related to different procedures for the handling of clinical specimens, differences in patient populations, and differences in quantitation procedures. The clinical significance of this observation, if any, remains to be determined. FIG. 7 . CMV loads observed in patient serum may be significantly lower than those observed in plasma. (A) Plasma containing citrate (C), plasma containing EDTA (E), and serum (S) obtained in parallel from the same patient (subject A in Table 2 ) were subjected to Q-PCR (in duplicate). (B) Plasma containing citrate (C), plasma containing EDTA (E), and serum (S) obtained from a CMVnegative healthy volunteer and the serum from the patient (Sϩ) were seeded to 750 CMV particles/ml, and the CMV loads were determined by Q-PCR. nc, negative controls (reference plasma). 
